Tolerance of the human kidney to ischemia is controversial. Here, we prospectively studied the renal response to clamp ischemia and reperfusion in humans, including changes in putative biomarkers of AKI. We performed renal biopsies before, during, and after surgically induced renal clamp ischemia in 40 patients undergoing partial nephrectomy. Ischemia duration was .30 minutes in 82.5% of patients. There was a mild, transient increase in serum creatinine, but serum cystatin C remained stable. Renal functional changes did not correlate with ischemia duration. Renal structural changes were much less severe than observed in animal models that used similar durations of ischemia. Other biomarkers were only mildly elevated and did not correlate with renal function or ischemia duration. In summary, these data suggest that human kidneys can safely tolerate 30-60 minutes of controlled clamp ischemia with only mild structural changes and no acute functional loss.
Ischemia to the human kidney has been implicated as a common contributor to acute and chronic kidney injury from diverse medical and surgical causes. [1] [2] [3] However, to our knowledge the direct effect of controlled ischemia on human renal structure and function has never been evaluated prospectively. Current understanding of renal ischemia is derived from animal studies, the renal transplant setting, and retrospective human studies that report conflicting data regarding the response and tolerance of the human kidney to ischemia. [1] [2] [3] [4] [5] [6] These studies suggest harmful effects from renal ischemia, resulting in the present dogma of limiting renal ischemia time during surgical procedures to within 20-30 minutes. 6 Clinical trials in the field of AKI based on promising animal data have disappointed, suggesting that the human and small-animal kidney responses to ischemia may be qualitatively and quantitatively different. 7, 8 They have also generated interest in better understanding of the human kidney ischemia response to allow optimal design of strategies to treat AKI, store kidneys for transplantation, and more safely use renal clamp ischemia during abdominal surgery.
New biomarkers of renal injury are receiving increasing attention in an effort to achieve earlier diagnosis than provided by serum creatinine, better assess the extent and severity of parenchymal insults from different causes, and serve as markers during clinical trials. [9] [10] [11] [12] [13] [14] However, their relationship to underlying structural changes during AKI in humans is unknown.
Small renal masses make up 48%-66% of all renal tumors that are diagnosed and 38% of all renal tumors that are excised. 15 There are approximately 65,000 new cases of renal cancer just in the United States, of which about 45,000 are amenable to nephron-sparing surgery. 16 Despite the potential for a better outcome, 17 only 10% of patients eligible for nephron sparing actually undergo a partial nephrectomy because of renal ischemia concerns; most have radical nephrectomy, which is technically easier. 18 Several technically challenging nonclamping approaches have been recently proposed to avoid renal ischemia, with significantly higher complication rates. 19, 20 Using open partial nephrectomy for excision of a renal mass involving direct clamp occlusion of the renal blood vessels, we have conducted a prospective study that evaluates for the first time the structural response of the human kidney to clamp ischemia and initial reperfusion in association with assessment of short-term renal functional outcomes and novel biomarkers. Our results document substantial resistance of the human kidney to clamp ischemia and have implications for both the basic understanding of ischemic injury in human kidneys and the care of patients requiring isolated controlled ischemia for partial nephrectomy and other procedures.
RESULTS
Patient demographic characteristics, intraoperative measures, and characteristics of renal ischemia are summarized in Table  1 . No protocol-related complications occurred. Duration of ischemia in 82.5% of patients was .30 minutes. The mean duration of warm ischemia was 32.3 minutes (range, 15-53 minutes; n=27) and duration of cold ischemia was 48 minutes (range, 30-61 minutes; n=13). Data were analyzed to determine differences by warm and cold ischemia, and no statistically significant differences were discovered. Cold and warm data were pooled for further analyses.
Renal Clearance Function
Serum creatinine was significantly increased by a mean 6 SEM of 23.6%65.0% relative to baseline at 24 hours, then returned toward its baseline; it was not significantly different from baseline at 72 hours ( Figure 1, A and C) . Serum cystatin C was not significantly changed at 2 or 24 hours (Figure 1, B and D) . There was no correlation between the change in creatinine and the change in cystatin C at 24 hours ( Figure 1E ). No significant correlations were seen between changes in serum creatinine and cystatin C and ischemia time (Figure 1, F and G) . Similarly, no correlation was seen between tumor size and duration of ischemia (Supplemental Figure 1A) , creatinine increase at 24 hours (Supplemental Figure 1B) , or cystatin C increase at 24 hours (Supplemental Figure 1C) .
Renal Biopsy Results
The availability of high-quality biopsy material is an unprecedented aspect of this study. The samples were obtained from needle biopsies directed perpendicular to the capsule under direct visualization. They were of good size and were generally 10-12 mm in length. The samples usually contained both cortex and inner and outer stripes of the outer medulla, with excellent sampling of S3 segments that were easily identifiable on the basis of their structure and the nearby tubules.
Structural features were well preserved in the biopsy specimens ( Figures 2-4, 9 and Supplemental Figures 2, 3, and 4 for large high resolution files). By electron microscopy, end-clamp samples showed ischemic mitochondrial changes with prominent swelling but little brush-border damage (Figures 2B and 3B ). Thick sections with greater area for examination provided a wider range of scores than did the ultrastructure (Figure 2A , C, D), but the correlation between the blinded, quantitative scoring for the thick sections and the ultrastructure was good (Supplemental Figure 5) . Overall severity of structural injury at the end of ischemia ( Figure 2G ) and post-clamp (Supplemental Figure 5 ) did not correlate with peak creatinine or ischemia duration. The only significant relationship was the r value for peak serum creatinine ratio versus end-clamp thick section score ( Figure 2G ). The corresponding b value was not significant. The end-ischemia changes improved during the 5 minutes of reflow before the post-clamp biopsies in most cells (Figure 2 , A-F, and Figure  3C ), although mitochondrial condensation developed rarely (Supplemental Figure 3) . Tubule injury produced by ischemia or hypoxia is sensitively reflected by alterations of actin and integrins. 21, 22 Cellular ATP depletion decreases protein tyrosine phosphorylation. 22, 23 Intercellular adhesion molecule-1 (ICAM-1) is an important early mediator of the inflammatory component of ischemic AKI. 5, 24 Therefore, we used these indices to further assess injury produced by ischemia, as well as to confirm The frequency with which they changed was similar to that seen for actin ( Figure 5 ).
Injury Biomarkers
Small but significant increases of serum neutrophil gelatinaseassociated lipocalin (NGAL) were seen at 2 and 24 hours after surgery ( Figure 6A) ; it also significantly increased with increasing ischemia time ( Figure 6B ). However, serum NGAL was not related to peak serum creatinine ( Figure 6C ) or end-ischemia morphology score ( Figure 6D ). Urine outputs in all patients were high, reflecting the postoperative hydration provided and the presence of an uninjured contralateral kidney. They averaged 200626 ml per hour for the first 2 hours after surgery and 11469 ml per hour subsequently. Urine creatinine concentrations tracked appropriately with the dilution expected from these high urine outputs (Supplemental Figure 6 ). Creatinine-factored urine biomarkers are summarized in Figure  7 , and unfactored values are given in Supplemental Figure 7 . All urine biomarkers had significant changes. There were early increases of liver fatty acid-binding protein (LFABP) and Nacetyl-b-D-glucosaminidase (NAG). Urine NGAL increased moderately at all times. Kidney injury marker-1 (KIM-1) was maximally increased at 24 hours. IL-18 was increased at all time points, along with urine albumin. However, the median increases of the novel urine biomarkers were only modest in comparison with those reported in other cohorts of AKI. 10, 12, 25 In addition, urine biomarker levels did not correlate with duration of ischemia ( Figure 8 ), peak serum creatinine (Supplemental Figure 8 ), or end-ischemia thick section score (Supplemental Figure 9 ). No significant differences were seen between warm and cold ischemia in the urine biomarkers or serum NGAL (Supplemental Figure 10) . No ischemia-induced podocyte alterations were associated with the increased albuminuria ( Figure 9 ).
DISCUSSION
Ischemic damage to human kidneys is implicated in approximately 50% of cases of AKI from diverse causes, including hypovolemic states, sepsis, cardiopulmonary bypass, and aortic and renal surgeries. [1] [2] [3] Our study addresses three important issues: the tolerance of the human kidney to isolated controlled clamp ischemia, the nature of structural injury to the kidney that develops during and immediately after hilar clamping, and the behavior of biomarkers in this clinical scenario. To our knowledge, the effect of ischemia on renal structure and function has not been prospectively assessed in a clinical setting. Lack of clarity on this subject has prevented widespread adoption of partial nephrectomy for small renal masses because of technical difficulties induced by limiting renal ischemia times to ,30 minutes; retrospective human and small-animal studies have suggested deleterious effect of ischemia times .20-30 minutes. 6, 15 Clinically, the most common denominator underlying AKI in patients is shock, which is almost always complicated by and electron microscopy (EM) scores (E and F) for individual patients. C and E show scores for each patient (n=34-39). D and F show the differences in grades between each point sampled for the same patients and the statistical significance of the difference for the 32 patients for whom all three samples were available. Bars indicate medians. (G) Relationships between ischemia time, serum creatinine ratio, and end-clamp thick section scores. Circles are warm ischemia. Triangles are cold ischemia. The 95% confidence interval for the significant r value relating peak serum creatinine ratio and end clamp score was 0.02-0.61.
other concurrently operative processes that also injure the kidney, such as tissue damage, sepsis, and nephrotoxins. The relative contributions of these factors differ between patients; moreover, other variables obscure the analysis of shockinduced renal ischemia per se in the clinical context. As such, an understanding of ischemic effects on the human kidney and a determination of the thresholds of ischemic severity required to produce injury have remained elusive. It is mainly for this reason that clamp ischemia-reperfusion injury in small mammals has emerged as a popular paradigm to derive insights into the pathobiology of ischemic AKI. The model lends itself to standardization and reproducibility in a range that permits experimentation to test treatment modalities. However, translation of results from the small animal models to the human context has failed to live up to expectations, underscoring a pressing need to study renal ischemia in humans under clinical circumstances. Understandably, this is difficult to do in a standardized manner. In this regard, despite constraints imposed by unique patient-specific differences in the study population and the need to vary ischemic intervals according to the context of individual surgeries, the overall design of the clamp ischemia-reperfusion analysis in the present cohort of patients has yielded useful information. It is internally controlled to a degree by variations of ischemic intervals and, furthermore, by inclusion through clinical necessity of both cold and warm ischemia in the same study population.
Despite the longer durations of ischemia used in the present study, .30 minutes in .80% of the patients, only a mild transient increase of creatinine, averaging 23.6%, was seen; cystatin C, an alternate, possibly more sensitive marker of GFR, did not change. 26, 27 Normal contralateral renal function may have masked injury observed in our study. However, if the clamped kidney had sustained severe injury and decreased clearance, we would expect functional changes similar to those seen in donor nephrectomy studies in which serum cystatin C increased 37% and creatinine increased 19% at 24 hours, and both increased 52%-62% at 72 hours. 26 Increased creatinine without a concomitant decrease in clearance could indicate a transient defect of tubule creatinine secretion in our cohort. 28, 29 In prior reports, the extent of structural damage during human AKI of diverse causes has appeared to be less than that seen in animal models during severe reduction of renal function. 4, [30] [31] [32] However, the previous studies were generally retrospective, had relatively small numbers of patients with heterogeneous insults, and the biopsies were usually performed late (i.e., days after the insult). We believe this study represents the first prospective comprehensive analysis of human kidneys subjected to sustained clamp ischemia over time frames typically used in the experimental models that have contributed to our understanding of the cellular response to renal ischemia. 33, 34 Renal structural changes in the human kidneys differed from those seen in small-animal models in several aspects. During the clamp period, mitochondria developed progressive swelling similar to that described in animal models. 33, 34 This swelling resolved rapidly during the 5 minutes of reflow in the majority of cells in most patients, with only occasional persistence of the swelling or development of matrix condensation indicating persistent injury. 33, 34 Apical membrane structure was remarkably well preserved during ischemia and the immediate reperfusion period, with only sporadic brush-border clubbing, fragmentation, desquamation, and blebbing by ultrastructure and excellent preservation of polymerized actin by rhodamine phalloidin staining. These findings dramatically contrast to those seen in animal models, which showed greater severity and extent of these changes after being subjected to shorter durations of ischemia than were most patients in our cohort. 31, 32, 35, 36 Consistent with the limited apical structural damage, basal b1 integrin, which is highly sensitive to ischemia in animal models and to hypoxia of isolated tubules, 21, 22 was almost unaffected. In maximally hypoxic isolated tubules, immunodetectable phosphotyrosine is entirely lost and then recovers during reoxygenation as a function of ATP availability. 22 In vivo, phosphotyrosine is similarly lost during ischemia but can then rebound with hyperphosphorylation of focal adhesion proteins during reflow. 23 Both endclamp and post-clamp samples had areas of decreased and increased phosphotyrosine signal relative to the pre-clamp baseline; however, this did not occur in every patient, as might have been expected from the insult durations used. Secondary inflammation plays a major role during ischemic AKI, 2 and ICAM-1 expression is known to increase and to contribute to progressive tissue damage. 24, 37 Changes of ICAM-1 were detected in many of the cases despite the short time frame of the study. Cell necrosis and apoptosis were not expected because they develop only after a delay. 2, 32 Several possibilities may account for the resistance to renal injury in this study. Two factors could have preserved tissue ATP and contributed to the mild changes of actin, b1 integrin, and phosphotyrosine relative to animal and isolated tubule models. One is cooling of the kidney 38 during the open surgical procedure; this may have occurred, even during the warm ischemia conditions, to a greater degree than in animal models when the clamped kidney is returned to a closed abdominal cavity for the ischemic period. Another is the presence of collaterals in the renal capsule. 39 However, our failure to detect differences of function and structure between the hypothermic and normothermic groups of patients with renal ischemia during nephrectomy strongly argues against the contribution of cooling effects to the protection. The mitochondrial alterations are also consistent with a strong ischemic insult to equivalent degrees in both groups. Although the contribution of a collateral blood supply from capsular vessels is difficult to assess, renal perfusion by such vessels is likely to be confined to the most superficial cortex. In this regard, the biopsy specimens that we obtained were of an adequate length and were cut perpendicular to the surface under direct vision, so that deeper cortical and medullary tissue was invariably present. We failed to detect significant differences between the more superficial areas of the biopsy specimens and the deeper zones. Thus, the protection that we observed is unlikely to have been due to such collaterals. Other explanations for the absence of progressive functional changes are the use of mannitol or protective factors present in the human kidney that are absent in rodents, such as tubule cell production of LFABP. 40 Previously reported information on monkey kidneys suggests similar or even greater resistance with lack of consistent functional impairment at clamp durations of ,90 minutes. 41 Also relevant is a human study in which minimal functional changes developed after aortic cross-clamping averaging 65 minutes. 42 Novel biomarkers have been reported to be more sensitive in predicting clinical AKI and its outcomes compared with serum creatinine. Although several of these biomarkers have been explored in settings of AKI from diverse causes, their role in clinical practice is not yet fully defined. [9] [10] [11] [12] [13] [14] There is controversy in the literature regarding whether urinary biomarkers should be factored for creatinine in the setting of AKI because of decreased creatinine resulting from lower clearance. 43 We believe that creatinine-factored biomarkers are more appropriate for the present study because of the maintained creatinine clearance from the contralateral uninjured kidney, but we have presented the data in both ways. All biomarkers in our study showed significant changes consistent with their underlying biology. However, the changes were relatively small and did not correlate with extent of structural alteration during ischemia, duration of ischemia, or the transient increases of creatinine.
The lesser discriminative power of the biomarkers in this setting compared with other AKI settings 10, 12, 25 may be explained by the lack of more severe and sustained injury and is consistent with the mild Human Kidney Clamp Ischemia structural injury induced by the surgical procedure. This study is the first to correlate biomarkers with mild structural changes in humans. Although urinary biomarkers were not useful for predicting early functional AKI in this setting, our findings do not preclude their use in other clinical contexts where more severe structural injury develops. The RIFLE (Risk, Injury, Failure, Loss, ESRD) and AKIN (Acute Kidney Injury Network) criteria for categorizing AKI provide a valuable tool for standardizing assessment of the process in clinical trials and practice. 44 We have not primarily used them in reporting the present data for several reasons: (1) Because all patients had high urine outputs due to the presence of the contralateral kidney and the intentional hydration, classification according to the criteria is entirely predicted by the creatinine ratios. Using those ratios directly as we have done presents more thorough data than lumping them into categories would. (2) As discussed previously, because of the discrepancies between behavior of creatinine and cystatin C, it is not clear that the changes of creatinine in fact represent the decreases of clearance implicit in applying the AKI staging. (3) Also, the standard criteria for the AKIN and RIFLE categorizations do not apply in this clinical setting because the insult was unilateral.
However, because of the importance and wide application of these categorizations, we have analyzed the data using them with these caveats in mind (Supplemental Table 1 and Supplemental Figure 11 ). As indicated in Supplemental Table 1 , we have modified the AKIN criteria to account for the fact that the contralateral kidney is unaffected so that the expected increments of creatinine due to loss of function of the partialnephrectomy kidney would be no more than half the magnitude of those used for the standard criteria. Even after our stringent modification, none of the patients in our study experienced clinically significant stage 3 AKIN at 48 hours. This analysis showed the only measures that significantly differed between patients classified as having AKI at 24 hours or $48 hours were serum creatinine (as expected because that was the basis for the AKI categorization) and end-ischemia thick Figure 9 . Albuminuria is not accompanied by ischemia-induced alterations of podocytes. Glomeruli were examined in detail in sections from six of the patients with the highest levels of urinary albumin at 2 and 24 hours. Images shown are end-clamp (A-C) and post-clamp (D-F) from a patient whose albumin-to-creatinine ratios were 2366 mg/mg pre-clamp, 11,500 mg/mg at 2 hours of recovery, and 2930 mg/mg at 24 hours of recovery. Although focal podocyte effacement (arrow in F) was seen in some end-clamp and post-clamp samples, it was also seen in pre-clamp samples to the same extent (not shown); the ultrastructure was most notable for large areas of completely normal podocytes (arrow in B) in all samples despite the albuminuria. Focal blebbing of endothelial cells (arrow in C) was also seen in some samples but could be found at all time points, including pre-clamp (not shown). Size marker is 5 microns.
section score. In the latter case, the effect across all groups was significant but the individual differences between them were not.
The relatively small sample size may serve as a limitation, with the possibility of a broader range of outcomes in a multiinstitutional setting with more patients and greater power for statistical analysis. Structural studies were unavoidably limited to the ischemia period and 5 minutes of reperfusion, which does not cover the subsequent 12-to 24-hour period during which injury further progresses in small animal models from the more extensive initial injury they develop. It would not have been practical or ethical to perform biopsies at later points in this clinical context. Although we cannot obtain the structural correlate at those later points, there were certainly no later functional changes, such as those that develop in the smallanimal models, to suggest later worsening. On the basis of the results, clamp ischemia times up to 60 minutes may be safe in patients with two functional kidneys undergoing open partial nephrectomy, which will expand indications for partial nephrectomy in management of small renal masses.
In summary, this study provides the first detailed analysis of structural and functional responses of the human kidney to controlled clamp ischemia. It documents a greater than expected resistance to injury with little or no acute renal functional loss. Overall, variations of ischemic durations from 15 to 61 minutes had no effect on the injury produced, assessed functionally by creatinine and cystatin C, structurally by light and electron microscopic and immunofluorescence analysis, and by biomarkers excreted in the urine. Urinary biomarkers did increase, but to variable degrees, and did not correlate with ischemia durations or with structural changes. Notably, other than mitochondrial swelling, the structural changes were uniformly mild, of a degree that would be considered reversible by criteria guided by the results of small-animal studies. Increases of serum NGAL were indeed higher with increasing ischemia durations. Nevertheless, these increases bore no relationship to the structural changes documented during and after ischemia. Although the results in no way diminish the value of small-animal models for understanding pathophysiology and studying interventions, the structural data, taken together with the evidence for functional preservation in this study and the limited prior work, imply unexpectedly high tolerance of the human kidney to clamping during isolated controlled ischemia that needs to be considered in translational studies.
CONCISE METHODS

Study Design
Between January 2009 and October 2010, 40 patients were enrolled in this prospective clinical study after the University of Texas Health Science Center San Antonio Institutional Review Board approved the study and participants provided informed consent. A single surgeon conducted all procedures. A data safety and monitoring committee periodically monitored the study progress. The surgeon was blinded to the study results until study completion.
Study Participants
Any patient with a renal mass who was undergoing an open partial nephrectomy and was at least 18 years of age was eligible for inclusion. Excluded were patients scheduled for a laparoscopic partial nephrectomy, pregnant patients, and patients with a solitary kidney or ESRD.
Surgical Procedure and Renal Biopsies
Study participants underwent an open partial nephrectomy for renal mass excision. The kidney was mobilized and the vascular pedicle was isolated in the standard fashion. After induction of anesthesia and before clamping of the hilar vessels, all study participants received 25 g intravenous mannitol. For all participants, needle biopsies were performed in the kidney with an 18-gauge needle biopsy gun at a site remote from the tumor at specified time points: one biopsy just before renal pedicle clamping, one biopsy every 10 minutes during ischemia up to unclamping of renal vessels, and one biopsy at 5 minutes after reperfusion. Biopsy protocol was modified to focus more on endpoint biopsies after review of the first 18 patients indicated sufficient data on ischemia time course. The subsequent 22 participants underwent biopsies at the following time points: two biopsies just before renal pedicle clamping, two biopsies at end of maximum duration of ischemia, and two biopsies after 5 minutes of reperfusion. One core was processed for ultrastructure and the other for immunofluorescence, as described in the Supplemental Data. All biopsies were done under direct visualization from non-tumor-bearing areas of the kidney.
A Satinsky vascular clamp was used to control the renal hilum en bloc. The decision to use warm or cold ischemia was based on the size and complexity of the renal mass, with cold ischemia reserved for the most complex lesions. Surface hypothermia for cold ischemia was induced by using ice slush for 10-15 minutes after clamping of the hilum. Renal mass excision with parenchymal reconstruction was performed in a standard fashion. All patients received intravenous normal saline at 125-150 ml per hour in the postoperative 24 hours. All complications were recorded and graded according to the Clavien classification system. 45 
Serum and Urine Biomarker Collection and Analysis
Serum and urine were collected at the preoperative visit; at 2, 6 (urine only), and 24 hours after surgery; and then daily until discharge (serum only). Full assays were done on all available samples from the first 24 hours. Serum was analyzed for creatinine, cystatin C, and NGAL. Urine was analyzed for creatinine, NGAL, N-acetyl-b-Dglucosaminidase, IL-18, kidney injury marker-1, LFABP, and albumin. Serum creatinine was measured in the hospital clinical laboratory. The other samples were stored at 280°C until assay by the procedures specified in the Complete Methods in Supplemental Data. methods and grading procedures described in the Complete Methods in Supplemental Data.
Statistical Analyses
For the statistical analyses, underlying data distributions were determined using the Shapiro-Wilk test. Parametric tests (t test, paired t test, ANOVA) were used for normally distributed data, nonparametric tests (Wilcoxon rank-sum, Wilcoxon signed-rank, Kruskal-Wallis tests) were used for data with skewed distributions, and a chi-squared test was used for categorical data.
To study the relationship of biomarkers to recovery time, vertical scatter plots were used to display the data at various time points after surgery. Median values were plotted and differences at each time point from preoperative values were determined. To correlate urine and serum biomarkers with functional changes and ischemia time, the ratios of biomarker peak values to preoperative values were calculated. These data were plotted with the creatinine ratio (24 hours to preoperative values) or ischemia time on XY graphs. Functional biomarkers (creatinine, serum cystatin C, and GFR) ratios (24 hour to preoperative) were also plotted against ischemia time. Peak ratios of structural biomarkers were also plotted against peak creatinine ratio. Linear regression analyses were used to fit lines to the data, and an F statistic was calculated to determine whether the slope of the regression line was significantly different from zero. Power analysis indicated that with a sample size of 40, we have 80% power to detect a moderate correlation of 60.43 or greater compared with the null hypothesis of no correlation (r=0.0; two-sided test, a=0.05) and to detect a slope of 60.41 or greater compared with the null hypothesis of slope=0 (two-sided test, a=0.05, assume SD for both x and y=1).
To determine differences in morphology scores between the three sampling times, a paired analysis was done comparing pre-to endclamp, pre-to post-clamp, and end-to post-clamp. A paired t test was used to test for differences and a Bonferroni correction was used to adjust the P values for multiple testing. Statistical analyses were performed using SAS software, version 9.2 (SAS Institute, Inc., Cary, NC) and GraphPad Prism 5 (GraphPad Software, La Jolla, CA). All tests were two sided with significance set at P,0.05. 
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